In this paper a system of paralleled DC/DC converters operating in CICM with CMC is modelled and analysed. The H ∞ control design is used in order to guarantee the robust stability and robust performance of the system in spite of different uncertainties. The µ-analysis is used to evaluate the robustness of the system. Simulation results are presented to demonstrate the control design procedure.
INTRODUCTION
Basically a Telecom power supply can be composed of three parts, AC/DC rectifiers, back-up battery, and a load. An important part that affects on the output behaviour of the whole system is parallel-connected DC/DC converters, which is a subsystem of AC/DC rectifiers stage. These converters require categorical current sharing mechanism to ensure proper operation. Briefly, the current sharing scheme can be achieved by injecting a signal proportional to the desired converter output current into the voltage loop. The increased voltage loop error signal forces the duty cycle and then the output current of the converter to increase. In practice, the control is needed to ensure proper current sharing and many effective control schemes have been proposed. One common approach is to employ an active control scheme to force the currents in parallel converters to follow the reference current. If the reference current is an average current of converters, it is so-called a democratic scheme. Moreover if the reference current is the output current of one converter, it is so-called a master-slave scheme. The essence of an active control is to monitor the difference between the reference current and the output current of each converter and incorporate this information into the control of voltage-loop. The necessity of reliable control system that offers robust stability for the overall system and robust performance for its dynamics in presence of uncertainties is recommended, as presented in Buso (2), Garabandic and Petrovic (5), and Tymerski (11) . However a single module has only been considered. The procedure of designing a robust controller requires a model that takes the uncertainties of the system into consideration. There are many forms of unstructured uncertainty that can be used to represent the system uncertainty, such as additive uncertainty, multiplicative input uncertainty, and multiplicative output uncertainty as presented in Skogestad and Postlethwaite (9) . In Gadoura et al (4) , the H ∞ control design is applied to the system of paralleled DC/DC converters operating in continuous conduction mode (CICM) with voltagemode control (VMC), however, in this paper, the current-mode control (CMC) configuration is used instead, as shown in Fig. 1 . The uncertainties, components of power converters, are considered in order to design a robust controller that guarantees robust stability and performance of the system. H ∞ optimal control is used to design a stabilizing controller that can achieve robust stability and robust performance. This paper is organized as follows. The modelling procedure is presented after introduction. Then, uncertainty models for the plant and disturbance models are obtained as a multiplicative input uncertainty. H ∞ optimal controller is introduced and analysed in order to achieve robust stability and robust performance. The modelling, analysis and control design procedure presented is verified by simulation results on two 500W-buck converters connected in parallel.
MULTI-LOOP OPERATION
In Thottuvelil and Verghese (10), Panov et al (6), Rajagopalan et al (7) , and Siri et al (8) , the modelling techniques of multiloop operation of paralleled DC/DC converters are based on loop-by-loop approach that cannot include the interactions among converters. Also the converter cable has significant impact on the performance of parallel-connected converters and, therefore, should be included in converter design. Consider the ac small-signal representation of paralleled buck converters with voltage-mode control (VMC) that is presented in Gadoura et al (4) . Due to no space to include all dynamic equations in this paper, the reader is referred to Gadoura et al (4) . The state-space representation can be written as follows.
where x is a vector of state variables, i.e., the inductor currents and capacitor voltages, ŵ is a vector of disturbances, i.e., the line and load disturbances, ŷ is an output vector, i.e., the output voltage and output currents, and û VM is a vector of control commands, i.e., the duty-cycles.
A small-signal representation of paralleled DC/DC converters with current-mode control can be formed by considering the inductor current waveform, as shown in Fig. 3 , where the duty-cycle constraints of 'j' converter can be written as
From Fig. 3 , the derivation of ∆i Lj can be obtained by solving the following governing equations:
By substituting equations (4) into (3), we can rewrite the duty-cycle constraints as:
To derive the ac-small signal model, each variable in equation (5) should break to two components of ac and dc, then the small signal of duty-cycle of "j" converter can be written as
After substituting the matrix form of equation (6) into equations (1) and (2), the new state-space representation of paralleled DC/DC converters with current-mode control can be written as follows.
where û CM is a vector of control commands, i.e., î cj (t). All matrices presented in equations (7) & (8) are depended on the power stage components and obtained from the dynamic equations of multiloop operation of paralleled DC/DC converters. From the state-space representation, all transfer functions of the system including interactions can be derived as follows.
where, for simplicity, the symbols of ŷ, û CM , and ŵ have been replaced by y, u, and d, respectively. Again y is an output vector, u is a control vector, and d is a disturbance vector. Also G p is a plant model and G d is a disturbance model. The closed-loop structure of paralleled DC/DC converters including uncertainty models and performance objectives is shown in Fig. 2 where the true plant and disturbance models are represented by dashed box.
UNCERTAINTY MODEL
The term uncertainty refers to the differences or errors between models and real systems, and whatever methodology is used to present these errors will be called an uncertainty model. For the study of robust stability and robust performance, we assume that the actual plant can be represented by a transfer matrix that belongs to an uncertainty model set. A set of uncertainty model of paralleled converters system can be generated if we have taken into consideration the parameters' variations in Table I . The multiplicative input uncertainty has been used to represent the model uncertainty. The performance objective is that the ∞-norm of transfer function from w to z be small for all possible uncertainty transfer functions ∆. These uncertainties have been lumped together into one block uncertainty at the input of a nominal model, as shown in Fig. 2 
Also the weight W id should be chosen so that the normalized perturbation satisfies Fig. 6 -The general control system that is used to design the controller and analyse the system in presence of uncertainty.
The uncertainties weights, as shown in Fig. 4 and Fig. 5 , are derived by using equations (11) 
ROBUST CONTROL
The real problem in robust control design for multivariable system, such as paralleled DC/DC converters, is to synthesize a control law that maintains system response and error signals within pre-specified tolerances in spite of the effects of uncertainty on the system. The general robust control problem can be described mathematically, as presented in Chiang and Safonov (3) and Skogestad and Postlethwaite (9) 
where , , 
For robust stability, the system must remain stable for all plants in the uncertainty set. This should satisfy that F(s) is stable for all ∆ where 1 ∞ ∆ ≤ , which is equivalent to
Robust performance is achieved if robust stability is satisfied and the transfer matrix from w to z is small for all plants in the uncertainty set. 
DESIGN EXAMPLE
The configuration of two-identical parallel-connected buck converters is considered to verify the modelling procedure and the applicability of the H ∞ optimal control design. The specifications are given in Table I . The performance weight w p (jω) has been chosen as a low-pass filter. 
where W p = w p . I 4 . The noise weight w n (jω) for twoidentical paralleled buck converters has been chosen as a high-pass filter.
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where W n = w n . I 4 . Also the control weight w u (jω) has been chosen as a high-pass filter. 
( , magnitude of the difference between the smallest γ value that has passed and the largest γ value that has failed is small; see Balas et al (1) . The achieved γ is 1.0006 as shown in Fig. 8 of singular values of closedloop system. From Fig. 7 , the H ∞ controller shows to be stable, however it has an order of 28 that made it very difficult to implement in reality. Model reduction techniques can be applied to reduce the 28 system that helps to remove all unobservable and/or uncontrollable modes, and the Hankel norm approximation are used to produce a low-order controller. The Matlab™ functions "sysbal" and "hankmr" are performed to achieve a second-order controller that is used in simulation of Fig. 11 and Fig.  12 . The controlled system achieves nominal performance and robust stability, as shown in Fig. 9 . Also the robust performance is achieved as shown in Fig 10. In Fig. 11 , the simulation results of output voltage of two-buck converters in parallel show good rejection to line and load disturbances. Also the output currents of two modules are shown in Fig. 12 , however both responses are bit slowly.
CONCLUSION
The state-space representation of parallel-connected DC/DC converters operating in CICM with CMC has been presented in this paper. The uncertainties for both plant and disturbance models are attained and the H ∞ controller is designed in order to achieve robust stability and robust performance. The simulation results demonstrate the effectiveness of H ∞ controller that provides robust stability and robust performance and shows good tracking performance and disturbance rejection capability in the presence of uncertainties.
